We have investigated microstructures of thermal sprayed coatings and single deposited splats using two types of ion beam milling: one is broad argon ion beam for the cross-sectioning of thermal sprayed coatings in a cross section polisher and the other is focused gallium ion beam for the cross-sectioning and transmission electron microscopy (TEM) sample preparation of single splats. The cross section of tungsten carbidecobalt (WC-Co) coatings fabricated by the polisher showed that it created a mirrored surface with minimized artifacts such as pull-outs of ceramic particles or smearings of pores which can be made by conventional metallographic preparations. A thin and locally re-thinned membrane of single nickel (Ni) splat was feasible to observe the internal interface of particle/substrate in high resolution atomic scale images. Substrate was heavily deformed by the impact of nickel particle with high kinetic and thermal energies. The particle and the substrate were intimately bonded without any voids or gaps.
Introduction
Cross sections of coated material layers are generally observed to know the porosity, inside microstructure and phase or composition analysis by optical microscope or scanning electron microscope (SEM). 1) Metallographic preparation of thermal sprayed coatings, however, is often problematic. Cross sections of ceramic coatings tend to exhibit exaggerated pores due to pull-outs of ceramic particles during grinding. Metallic coatings, on the other hand, tend to appear denser than the actual because very fine pores and unbonded boundaries between sprayed particles tend to be filled by plastic deformation of metals during grinding and polishing. Therefore, when a cross section of tungsten carbide-cobalt (WC-Co) cermet coatings composed of hard ceramics and relatively soft metal is prepared by conventional metallographic polishing the artifacts are boosted. To minimize such artifacts, the research reported herein used broad argon ion beam milling. When a broad beam of ions with maximum breadth of 500 mm 2) collides with atoms of a target material, the ions' kinetic energy is transferred to surface atoms of the target. If the energy is larger than the sublimation energy of the surface atoms, 3) the atoms are sputtered away and consequently a clean surface can be created. A technique using the ion milling for preparation of polished cross sections was demonstrated with good quality of backscattered SEM image by the manufacturer of a so-called cross-section polisher 4) and was applied for high spatial resolution electron probe X-ray microanalysis of an iron alloy. 2) In this study, the technique was used to make vertical cross sections of WC-Co coatings essentially free from the artifacts as well as a large viewing area.
Another technique using ion beam for SEM and transmission electron microscopy (TEM) observations is focused gallium ion beam (FIB) milling. Since the first FIB system based on the field ionization of liquid gallium for microprobe applications was developed in 1970s, 5, 6) it has been continuously evolved. [7] [8] [9] As a FIB milling technique facilitates delicate control of beam sizes under 10 nm with current densities of under 1$10 A/cm 2 at desired locations, 10) many researchers in thermal spray field have successfully used the FIB to investigate the cross sectional microstructures of isolated single splats, which are difficult by conventional metallographic preparations due to the splat size with micrometer scales, on substrate by SEM such as air plasma sprayed Ni-5% Al single splats, 11) high velocity oxy-fuel (HVOF) WC-Co splats, 12) high-powder hybrid plasma sprayed yittria-stabilized zirconia splats, 13) and cold sprayed aluminum splats. 14) Especially, a FIB apparatus with a micromanipulator can make directly a TEM membrane from an as-sprayed sample in its chamber without moving the sample or any mechanical sawing and thinning, 15, 16) which are inevitable in conventional sample preparations such as electro-chemical jet polishing, micro-cleaving and dimpling method. [17] [18] [19] [20] Many researchers hence have made TEM samples by the FIB method from micron-sized powders or small splats or thick coating layers at a desired location. 1, [21] [22] [23] [24] [25] [26] [27] [28] [29] Because the FIB is an imaging tool in its own right as well as the milling and thinning capability in sample preparation, 30) during the FIB fabrication, one can check the milling state and get images of the sample.
TEM samples normally have wedge-shape, i.e. top surface is the thinnest region and the inside is much thicker. 16) Therefore, when observing a thermal-sprayed splat from the surface to the interface of splat/substrate with TEM, it is quite difficult to obtain high resolution atomic structure images near the interface of splat/substrate because the region is too thick to derive the atomic structure. 1, [21] [22] [23] [24] For the high resolution images, several researchers prepared firstly the cross section of a single splat by a conventional polishing method using silicon carbide (SiC) papers or the FIB method and then, from the cross section, several TEM samples were made respectively at desired locations within the single splat. [27] [28] [29] Once a TEM sample was made and observed, it is generally impossible to prepare much thinner sample at the desired position. By the FIB milling, however, it is possible to conduct re-thinning at any interested region even after TEM samples were already observed by electron microscopes. Best of all, the re-thinning technique enables one to avoid making several TEM samples from a cross section of single splat to obtain the high resolution images.
In this study, we have used two types of ion beam milling techniques to investigate the microstructures of thermal sprayed coatings and single deposited splats and the bonding mechanism of sprayed particles and substrate: (i) broad argon ion beam for SEM observations and (ii) focused gallium ion beam for TEM observations of thermal sprayed splats, respectively. Examples are presented for HVOF cermet coatings and warm sprayed metal. In addition, a local rethinning technique using FIB for high resolution images of the interface of splat and substrate has been first introduced to derive the atomic structure.
Experimental Procedures

Feedstock material and spraying
Commercially available WC-Co powder (WC-12%Co, Fujimi Inc., Japan) with an average carbide size of 0.2 mm and 12 mass% cobalt contents was used to fabricate a coating for argon ion beam milling and SEM observations. The WC-Co particles ranged from 15 to 45 mm powder size were sprayed onto a carbon steel substrate (JIS: S45C) via a commercial HVOF spraying equipment (JP5000, Praxair Technology Inc., USA). The coating thickness was about 300 mm. Details of used powder and spraying conditions for the HVOF process are given elsewhere. 31) For FIB ion milling for TEM sample preparation, commercially available nickel powder (NI-914-3, Praxair Technology Inc., USA) was used and sprayed on a mirrorpolished S45C substrate with 5 Â 5 Â 5 mm size via warm spraying process. Especially, single nickel splats were made by the so-called wipe test at a minimum available powder feeding rate of 4 g/min and with a rapid moving of the spray gun of 1500 mm/s to eliminate secondary impacts by other nickel particles onto previously-deposited particles. 32, 33) The spraying process to prepare single splats and coatings is described in detail elsewhere. 34, 35) In the process, a mixture of kerosene and oxygen ignited in a combustion chamber and was mixed with nitrogen in a mixing chamber to lower its temperature. Then, nickel powder was fed into the final mixture of supersonic gases passing through a convergentdivergent nozzle. In this study, the nitrogen flow rate was 1.5 m 3 /min, which was an optimized condition to avoid melting of sprayed particles and to make dense coating.
2.2 Cross-sectioning of coating layer by broad ion beam milling Vertical cross-sections of HVOF sprayed WC-Co coatings were prepared by a conventional mechanical polishing and a cross section polisher (SM-09020CP, JEOL, Japan), respectively. In the polisher, broad argon ion beam with maximum breadth of 500 mm was used to mill the sample. The sample of 10 Â 5 Â 1:5 mm was cut out from the assprayed specimen and lapped to have the uniform thickness. Figure 1 shows a schematic illustration of the principle of the cross section polisher and an as-sprayed sample put on a sample holder of the polisher. The molybdenum mask was applied to protect the sample surface except for the targeted edge region where the argon beam would create the section. The accelerating voltage was 4 kV and the milling speed was below 50 mm/h under the vacuum condition of 2 Â 10 À3 Pa. In order to obtain a large and uniformly milled area, the sample was swung during milling. Before argon ion beam milling, the molybdenum mask is put on the sample.
2.3 TEM sample preparation by focused ion beam milling Thin enough membranes for TEM observation were prepared from single splats deposited on steel substrate by a FIB milling equipment (FB-2100, Hitachi, Japan). Figure 2 shows a schematic illustration of a typical FIB system and an as-sprayed sample put on a sample holder for FIB milling. Figure 3 shows the 6-step specimen preparation procedure using a FIB lift-out technique. Prior to the FIB cross sectioning, a strip of tungsten coating was deposited on the desired location of as-sprayed single splat to protect the surface from the ion beam milling and thinning. The beam voltage and current are shown in Table 1 . As the membrane became thinner, a weaker beam was gradually applied to eliminate damage and deformation of the sample. After final milling, cleaning at a weak beam condition of 15 kV and 0.02 nA was conducted to remove or minimize a thin amorphous layer which is generally made by beam damage at the surface of TEM specimen. At every cutting and thinning stage, images made by secondary electrons scattered by gallium ions were acquired to check the milling state and thickness of thin membrane. The scattered electrons are detected and converted to photo signals by the scintillation detector composed of a scintillator and a photomultiplier tube. and magnified image of copper grid part (c). Copper tape was used to fix the as-sprayed sample on the holder. After FIB milling, a thin membrane from the sample is put on the copper grid. tilting of the specimen and bottom cutting, (d) lifting-out of the specimen after a manipulator was connected on the specimen by tungsten deposition and the remained left-side of panel (c) was cut, (e) putting the specimen on a copper grid and cutting the bridge of manipulator and specimen, and (f) after additional milling and cleaning on the copper grid a TEM sample with an electron transparent area of about 7 mm in length was made (see Fig. 5 ).
Re-thinning of TEM sample
A thin membrane of a single nickel splat made by the FIB using a lift-out technology was re-thinned after it had been observed by TEM, which would be explained in section 3.3 in detail. For the re-thinning, the TEM specimen was re-put on the sample holder that was already shown in Fig. 2 . Then, the specimen was locally re-thinned at the desired positions by the FIB milling. The beam conditions for the re-thinning were 30 kV and 0:01$0:07 nA (step 4$6 in Table 1 ). Then, final cleaning at a weak beam condition of 15 kV and 0:01$ 0:04 nA was also conducted.
Microstructural analysis
The cross sections made by the conventional mechanical polishing and the argon ion broad beam milling were investigated by a field emission SEM (FE-SEM, JSM-6500, JEOL, Japan). The thin membranes made by the FIB process were observed for high resolution images at the interface of splat and substrate by a FE-TEM (JEM-2100F, JEOL, Japan) with a scanning mode at an applied voltage of 200 KV. Prior to the observation, the membrane was ion-cleaned by an ion cleaner (JIC-410, JEOL, Japan) to remove contaminations such as hydrocarbons on the TEM specimen.
Results and Discussion
Comparison of microstructures of WC-Co coatings
prepared by two different polishing methods Figure 4 shows typical images of cross sections of HVOF sprayed WC-Co coatings revealed by the conventional mechanical-polishing (a) and the broad argon ion milling process (b) respectively. Since the relatively softer metallic binder phase is preferentially polished during the mechanical polishing, hard WC particles and the soft binder showed different contrast due to the preferential polishing of cobalt as well as the different chemical composition in SEM back scattered image of Fig. 4(a) . However, it is difficult to distinguish the boundaries of the sprayed powder even though they should exist. By detecting the particle boundaries, we can understand how a coating was actually built up and where interfaces among particles exist. Furthermore, the mechanical properties of such particle boundaries is usually inferior to those of the inside particle. For example, cracks tend to propagate through such particle boundaries. 36 ) Also in the case of corrosion resistant coating, corrosion tends to happen through such particle boundaries where there are usually open pores. 37, 38) Thus, it is quite important and meaningful to know particle boundaries in a coating layer. However, the cross section of a coating layer prepared by conventional metallographic polishing of WC-Co coatings which are composed of hard ceramics and relatively soft metal might be strongly modified by artifacts such as exaggerated pores due to pull-outs of ceramic particles and plastic deformation of metal during grinding and polishing. In comparison, the ion milled sample showed smaller but larger number of pores than the mechanically polished sample and their wide distribution in Fig. 4(b) . In addition, the sprayed particle boundaries were clearly distinguishable as light grey regions, which are composed of Co-W-C phases that are newly formed during spraying. 36, 39, 40) Therefore, with the broad ion beam of 500 mm width, one can obtain large cross sections essentially free from artifacts because in the vertical sectioning of samples argon ion beam in the polisher can make a clean and flat surface with minimum sample damage, smearing or deformation. Figure 5 shows a TEM image of a single nickel splat on steel substrate. Since the membrane was relatively wide (about 7 mm), dark field scanning TEM (STEM) mode was used to acquire a whole image of the deposited splat and Table 1 The used gallium ion beam voltage and current for FIB milling and thinning.
TEM observation of a membrane made by FIB milling
Step substrate. It is clearly shown that the nickel particle with high kinetic and thermal energies could heavily deform the substrate. However, the internal interfacial boundary of particle/substrate was too thick to get high resolution images such as lattice fringes.
Re-thinning of a membrane by FIB milling
Since the interface of particle/substrate was interested in this study, especially, the bonded region and the centerbottom region of nickel particle in Fig. 5 , the two regions were re-thinned respectively. Figure 6 shows the comparison of an initial and a re-thinned sample. The images clearly showed that the interested regions were exquisitely rethinned below about 20 nm from the initial thickness of about 50$100 nm. Figure 7 shows a STEM dark field image acquired from the re-thinned sample. Since the FIB milling could do the rethinning deeply and thinly enough for high resolution images, the regions appear with different contrasts in the dark field mode. The locally re-thinned membrane of the single nickel splat on steel substrate showed that the particle penetrated into the substrate and consequently the substrate was heavily deformed. A thin void was also clearly observed at the center-bottom region of particle. The void was made by rebounding phenomenon induced by the accumulated strain energy from the impact. 25) As soon as a warm sprayed nickel particle was impacted on steel substrate, the high kinetic and thermal energy of particle could deform the substrate as well as the particle itself. However, the accumulated strain energy could detach the particle from the substrate. Furthermore, the difference in the volume changes of the heated particle and the substrate during cooling might aggravate the detaching. The void was also observed at the center-bottom region of warm-sprayed titanium particles 25) and the cold sprayed nickel particle. 41) Kim et al. suggested that because successive impacts of other sprayed particles onto previously deposited particles can compress the previously-deposited particles toward the substrate the void would be minimized or annihilated by them. 33, 42) Compared with warm-sprayed titanium particles on the same steel substrate at the same spraying condition with this study, 25, 43) the deformation of substrate was much heavier, while most of the nickel particle was not grain-refined along the boundary of particle/substrate by the impact of sprayed particle. The kinetic energy of sprayed particles can be simply expressed as 0:5 p V p 2 p , where p denotes the density of particle, V p and v p are the volume and the velocity of particle respectively. The calculated in-fight temperature and velocity of nickel particle with 30 mm are about 1000 K and about 650 m/s, respectively. 44, 45) Therefore, the kinetic energy of nickel particle with the density of 8899 kg/m 3 is Fig. 6 Re-thinning of a TEM sample by FIB milling at selected regions: (a) a TEM sample put on a copper grid before re-thinning, (b) after rethinning, and (c)-(d) magnified images at the re-thinned regions of panel (b) . Note that since the sample in panel (b) was a little tilted for the rethinning, the initial milled-region looks thicker than that of panel (a). Fig. 7 Cross-sectional STEM dark field image after re-thinning of the single splat in Fig. 5 , which was composed of two images. The bright regions were made by thick sample thickness in dark field mode. A double arrow indicated a void formed at the center-bottom region of particle. Note that the side bright regions in dark field mode were made by thick sample thickness and the center bright ones were made by high atomic number of tungsten which was deposited to protect the sample. In this sample, the electron transparent region for TEM observation was approximately 7 mm to avoid bending of sample.
about 50% higher than that of titanium particle with the density of 4506 kg/m 3 , temperature of 1040 K, and velocity of 750 m/s. Consequently, the higher kinetic energy of nickel particle could deform more severely the substrate.
The re-thinned sample also revealed the interface microstructure of particle/substrate in high resolution. Figure 8 shows a STEM bright field image and a high resolution image. The microstructure clearly shows the heavily deformed substrate as well as the partial grain-refinement of the nickel splat along the interfacial boundary. Very local grain refinement of the nickel splat indicates that even though the in-flight nickel particle might be heated to above 0.5 T m before impact, which means that the particle was thermally softened and possessed enough driving force for microstructural changes such as dynamic recrystallization, 46) most of elongated grains or cells in the particle during deformation might not be broken-up longitudinally. Furthermore, reorganization of dislocations in the nickel splat into low-energy boundaries is difficult due to relatively easy and continuous deformation of face centered cubic materials with many slip systems, 47, 48) which is generally induced by a slow-down of ability in the cell walls to accommodate dislocations and is inevitable to induce the recrystallization. 49) As a result, the grain refinement might be inhibited, which will be discussed more deeply in our paper under preparation.
The high resolution image near the interface of particle/ substrate (Fig. 8(b) ) shows that the nickel particle and the substrate are intimately bonded without any voids or gaps.
Sample damage in FIB milling
In the FIB milling process, the sample is exposed to strong ion beam with voltage of 30$40 kV and beam current below 6.4 nA as shown in Table 1 . This strong gallium ion beam can sputter away the surface oxide and expose the material beneath. However, the interaction between the gallium ion beam and the metal surface can also induce amorphization of the surface material. 50 ,51) Figure 9 shows an example of the amorphization of nickel surface on the re-thinned sample. Before the re-thinning, the region was the inside of the crystalline nickel particle as shown in Fig. 5 . However, the re-thinning process milled deeply the particle and exposed the new surface. The newly exposed surface is clearly an amorphous layer with approximately 2 nm thickness in this study.
The amorphization depends on many factors such as acceleration voltage, beam raster parameters, and materials properties. 9, 42, 43) Therefore, if it is necessary to observe the surface of an interested sample, milling with lower beam voltage and current or a protective layer such as tungsten in this study can minimize or annihilate the amorphization even though the sample preparation time increases.
Summary
Cross sections of HVOF sprayed WC-Co coatings have been prepared by conventional mechanical-polishing and broad argon ion milling by a cross sectional polisher, respectively. Mechanically polished coating has shown the difficulty in distinguishing particle boundaries and exaggerated pores due to the preferential polishing of binder induced by the different hardness of WC particle and cobalt. However, the ion milled coating has shown an actual microstructure with small but large number of the pores and their wide distribution because the ion milling could minimize the sample damage, smearing or deformation of such composite materials.
A TEM sample has been exquisitely prepared from a warm-sprayed nickel particle on steel substrate by the FIB lift-out technique. The sprayed particle has heavily deformed the substrate. However, the interface of particle and substrate has been too thick to acquire high resolution images for the investigation of bonding mechanism between sprayed particles and substrate. Re-thinning of the TEM sample at two desired positions in a FIB device has revealed the internal interfacial microstructure. The nickel particle and the substrate are intimately bonded without any voids or gaps. In addition, a thin void which might be formed by the accumulated strain energy from the impact of sprayed particle was clearly observed at the center-bottom of particle. However, the strong FIB voltage and current have induced a thin layer of amorphization of nickel surface. The degree of such artifact depends on the beam conditions and materials properties. The re-thinning function of FIB is useful and powerful to analyze the interface of sprayed particle and substrate, which is unattainable in conventional TEM preparation using mechanical milling and thinning. Finally, it is worth mentioning future applications of the re-thinning technique using FIB. Until now, many researchers have just used the FIB lift-out technique in order to make a small splat sample or several samples at limited location(s) such as only interface of coating/substrate or particle/particle or surface area in a thick coating for TEM observation. By the re-thinning technique, however, one can make a wide and large re-thinned sample covering from the surface to the interface in a thick coating.
